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SECTION I

PROGRAM DESCRIPTION

1.1 INTRODUCTION

For several years Litton Guidance and Control Systems has been
involved in a research and development effort aimed at perfecting
a nuclear magnetic resonance gyro (NMRG). The nuclear magnetic
resonance gyro is based on the principle that a nuclear moment,
when placed in a magnetic field, will precess with a character-
istic frequency about the field direction. In the event that the
apparatus is itself rotated about the field direction there will
be an apparent change in the precession frequency which can be
directly related to the rotation of the device. 1In order to avoid
the necessity of maintaining an extremely precise magnetic field
strength the current demonstration model gyro (DMG) uses two
isotopes of xenon, each with a well known nuclear moment. Each
moment has a characteristic gyromagnetic ratio and the relative
precession frequencies remain constant; hence, the physical rota-
tion of the device can be obtained without precise knowledge of
the field strength.

In the Litton gyro the nuclear polarization is achieved through a
spin exchange process with optically pumped rubidium vapor.
Important to the successful development of the NMR gyro is the
ability to produce a high long-lived polarization of the noble gas
nuclei. As the alkali metal-noble gas systems are contained in
small glass cells of about 1 ml volume, both surface and gas phase
effects are important in achieving and maintaining the desired
nuclear polarization. The AFOSR sponsored research addresses

these questions,
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1.2 OBJECTIVES AND STATUS OF THE PROGRAM

In the project year 1982-83 four areas of research were proposed.
The first of these was a modeling of ribidium polarization dis-
tiibution across a sample cell followed by related experiments.
The results of this study are presented in Section II. The model
predicts rubidium polarization distribution within a sample ¢ 1
for various sets of parameters such as xenon and buffer gas | s-
sures, incident light intensity and cell size. The model suc
cessfully predicts a minimum of rubidium polarization gradier ‘or
the standard DMG cell in the research apparatus or in the act
gyro, and related experiments confirm this prediction. The model
is being used to judge the importance of cell parameters such as
cell size and buffer gas pressure in gyro cell design. Related
experiments are reported.

The second research area concerned an investigation of non-RbH
cell boundaries. A detailed study of RbD versus RbH surfaces con-

129Xe to be due to an

firmed the wall relaxation mechanism for
electron-nuclear interaction rather than a direct dipolar nuclear-
nuclear interaction. The RbD/RbH study is reported in Section
ITII. In Section IV studies of comparisons of several different
surfaces are presented. The studies presented in Sections III and

IV are being prepared for publication.

The third area of research involved studies of a mixed alkali-

129Xe system. The results, presented in Section V, demonstrate

that an unusually fast Xe pump up time can be achieved at ~80C

using a rubidium-cesium mixture. The results also confirm that

129

the mixed alkali- Xe system has approximately the same effective

129

spin exchange cross section as the single alkali- Xe system,

Finally, as reported in Section VI, studies of off resonance

optical pumping were carried out. These studies include a theo-

retical prediction of the xenon nuclear polarization which can be
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achieved using a narrow band source such as a laser diode and a

discussion of experimental results.
1.3 PROFESSIONAL PERSONNEL ASSOCIATED WITH PROGRAM

The principal investigator for this program has been Dr. Ann T.
Nicol who, in addition to coordinating the overall research pro-
gram, devised and carried out cell surface studies and studies
related to rubidium polarization effects. Mr. Wm. Boley performed
the actual modeling of rubidium polarization effects with assis-
tance from Dr. George Kamin. Dr. Leo Lam was responsible for the
mixed alkali study and for the off resonance optical pumping
experiments. Mr. James Eddingfield maintained the research
apparatus and was responsible for taking many data. Data were
also taken by Mr. J. Vallino, Jr. All cells were prepared by Mr.
Wm. Debley. Dr. Nicol is especially pleased to acknowledge
extremely useful discussions with Dr. Edward Kaneysberg.

Dr. A, T. Nicol presented a seminar entitled "Xenon NMR in Very
Low Magnetic Fields" on February 4, 1983 at the University of
Delaware. Material presented in Sections II, III and IV was
discussed.
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SPACIAL DISTRIBUTION OF POLARIZATION OF OPTICALLY
PUMPED RUBIDIUM

2.1 INTRODUCTION

The question of the spacial distribution of alkali metal polari-
zation in optical pumping experiments is an important one which
has been specifically addressed in the case of cesium (Ref 2-1).

It is important to characterize the effects of diffusion on

S
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spacial distribution of polarization of optically pumped species
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thereby taking into consideration the effects of the cell buffer

S

gas pressures, In addition, alkali metal atom polarization is
affected by any spin exchange interactions and depends on pres-

sures of atoms containing nuclear spin such as 1294e (spin 1/2).

Furthermore, the wall of the vessel is more or less depolarizing:;
thus a sharp polarization gradient can occur at the surface.
Depending on the effects of diffusion and of light intensity there
is a possibility that a non-uniform polarization distribution will
exist across the sample cell. The alkali non-uniform metal polar-
ization distribution is experienced as a magnetic field gradient
by the noble gas nuclei having the spin and is a source of

relaxation. The effect has been demonstrated experimentally (Ref

2-2). In ordu~ to evaluate the importance of this effect, a
computer modeling of the problem was undertaken in which the

rubidium-xenon-buffer gas system was considered.

Before discuseing the factors involved in polarization of rubidium
in a glass cell, some background on a particular application is
provided. The primary use of the cell containing rubidium is in
the Nuclear Magnetic Resonance (NMR) Gyroscope. The NMR gyro
operates on the principle of sensing inertia angular rotation

rates as a shift in the Larmor precession frequency of one or more

nuclear species that possess nuclear magnetic moments. The Larmor

LIPS IR IRIG YU S Y. O W DL R W W R PSS PN TN SRS W Y RS S T A S
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n : of
) precession frequency is the frequency with which a magnetic moment o

: will precess about the direction of a magnetic field. 1In the

B particular case addressed here, two different noble gas isotopes
- are used as the magnetic moment species. These are combined with '@
t’ an alkali metal vapor in a glass cell which is then placed in a
controlled magnetic field environment. 1In the Demonstration Model
Gyro (DMG) the cell is illuminated by two beams of light that are

generated by an alkali metal vapor RF discharge lamp containing ?.?
the same type of alkali metal that is used in the cell. One of ]
the beams is circularly polarized and is used for magnetic moment
» alignment. The other beam is plane polarized and is used for ;W
b detection. The detection beam is placed orthogonal to the “;

circularly polarized light beam and after passing through the cell
is sensed by a photodetector. The output signal from the photo-
detector is processed to produce information concerning the

rotation rate of the gyroscope. 1In order to study cell character-
istics a research apparatus requiring only one circularly polar-
ized beam is used. To characterize effects due to the presence of
any external field inhomogeneities, i.e., rubidium polarization

inhomogeneities, several types of experiments are carried out

using the research apparatus. Those types of experiments were Qj
thoroughly discussed and the research apparatus described in a :
previous report (Ref 2-2). -

This study considers the processes that take place in the cell ;-?
containing the alkali metal, in particular, rubidium. The atomic

magnetic moments of the rubidium metal atoms are partially aligned

L

in the direction of the incident light by absorption of some of

N T .
BRIV \

the light in an optical pumping process. The nuclear magnetic
moments of the noble gas atoms, in this study two isotopes of

xenon, are also partially aligned through a spin exchange mech-
anism during collision with the aligned alkali metal atom. The
alignment of atoms with the magnetic field is termed polarization. ‘q
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This study is aimed at finding the spacial distribution of the
rubidium polarization. With spacial distribution information, the
effects of changing light intensity on the system can be more
accurately determined and it becomes possible to predict an
optimum light level for gyro operation. Also the study of the
effects of using different cell geometries should lead to
predictions of the shape of a cell which can produce better
performance without having to construct and test different cell
shapes. A better description of the polarization can lead to a
better mathematical description of gyro operation. Through a
simulation it is possible to change many parameters of the system
and obtain results which predict performance more quickly than by
running laboratory experiments. This is particularly important
inasmuch as preparing and testing a wide variety of cells is
extremely time consuming. This study looks at the effects of
changing lamp intensity, and the shape of the cell as well as gas
fill. The resulting graphs of the rubidium polarization
distribution in the cell as a function of light intensity, cell
size and cell shape permit comparison with experimental results.
The theory of optical pumping, thoroughly described in the
literature (Ref 2-3), is based on the use of quantum mechanics for
its mathematical models. The approach used here is to use partial
differential equations (PDE) and describe the observed phenomenon
as a field problem (Ref 2-4). The results of quantum mechanics

are used to arrive at the parameters for the model.
2.2 MATHEMATICAL MODEL S

The system under investigation is shown schematically in figure ‘,.
2-1. The cell containing the rubidium and xenon gases is
irradiated with circularly polarized light while a photo-diode
detects the absorption of the cell. A magnetic field (pump field)

is also applied to the cell in the same direction as the incoming

13

light. The light source is a rubidium lamp and emits light at the
proper frequencies for absorption by the cell.
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Figure 2-1. Arrangement of the System

The cell is maintained at a constant temperature in order to
produce rubidium vapor of the required density. The light is the
source of angular momentum, oriented along the direction of the
light beam which, when absorbed by the rubidium, causes angular
momentum to transfer to the rubidium atoms. This results in the
rubidium atoms having a net angular momentum or spin polarization
in the same direction as the light beam. The overall magnitude of
the spin polarization is governed by an equilbrium between the
rate of angular momentum absorption from the light (pumping

process) and angular momentum losses via other interactions or
relaxation processes. "Pumping" and "relaxation”" both refer to
angular momentum transfer processes, the distinction being whether
there is a net gain or loss in the transfer,

one of the rubidium relaxation processes is the spin exchange

interaction which results in some of the net angular momentum of

A the rubidium system beinyg transferred to the noble yas nuclear

2-4
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spin system. This results in the creation of a net angular
momentum for the noble gas systems. The magnitude of the net
noble gas angular momentum is governed by an equilibrium between
the noble gas pumping and relaxation processes in a manner similar
to that for rubidium.

First it is necessary to describe the optical pumping process in
some detail from a quantum mechanical viewpoint. For the purpose
of this discussion, the assumption is made that the alkali atom is
described by a 281/2 ground state with no nuclear spin. There-
fore, the atoms are not influenced by any nuclear spin but possess
only atomic spin. (This is not the actual case; but, for purposes
of this discussion, it is an acceptable assumption.)

The energy level diagram of an alkali atom with a nuclear spin of
zero in the presence of a magnetic field is shown in figure 2-2.
The transition between the ground state and the first excited
state (%s),, - 2 X
the ground state and the second excited state (281/2 - 2P3/2) is

91/2’ is designated as D The transition between

designated as Dy. imj denotes the projection of electron spin

angular momentum of the particular sublevel. n+ and n- are the

population densities of the m; = +1/2 and my -1/2 ground state

]
sublevels, respectively. The optical pumping cycle is composed of

three stages:

a. Absorption of the pumping light by the ground state, or
depopulation pumping

b. Excited state mixing and de-excitation or repopulation
pumping

c. Ground state relaxation - including spin exchange

processes
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With an applied magnetic field of H,, the atomic sublevels are
split as shown in figure 2-2 at the horizontal point labeled

H = Hy. The vapor is illuminated with circularly polarized,

ot D; light, propagating along the direction of the magnetic
field, Hy. Using selection rules from quantum mechanics the

+ light demands Am; = +1. With reference to

J
figure 2-2, it is evident that for the ot

absorption of the ¢
D) transition, only the
atoms in the my = -1/2 ground state sublevel can absorb the

light. This results in transitions to the my = +1/2 excited state
sublevel. Assuming no mixing of levels in the excited state, any
atom decaying from the excited state to the my = +1/2 ground state
sublevel will tend to remain there, unable to absorb o' photons.
Although the excited state can decay to either of the ground state
sublevels, those atoms returning to the my = -1/2 level are able
to absorb another photon and reach the excited state again. The
net effect of continued pumping of an assembly of atoms is to
transfer the population of atoms from the -1/2 level to the +1/2
level. When this happens the rubidium vapor is said to be
polarized by having transferred angular momentum from the light

beam to the electronic states of the rubidium atoms.

For this study an atom is designated as either being polarized or
unpolarized. Let the number of polarized atoms be S, where S is
the density of atoms in the polarized state. For the case where
all atoms are polarized, S = 1, or 100% polarization. An expres-
sion for S as a function of the spacial parameters is then needed.

The fundamental approach used describes the phenomenon inside the
cell from a particle standpoint (Ref 2-4). The initial assumption
is that at an elevated and constant temperature the rubidium atoms
are uniformally distributed throughout the volume. The polari-
zation at this time is random with the total ensemble polarization
equal to zero From particle diffusion physics, the mass flow of
the atoms is a vector and for an incremental volume as shown in

figure 2-3, must equal zero.
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In Appendix A the detailed derivation of the system shown in
figure 2-3 is carried out, and it is shown that the standard

Laplace equation in three dimensions, or
v2g = 0 , (2.1)

is obtained.

This describes the system in the steady state with no light being
applied. When the cell is illuminated by the light beam, some of
the atoms become polarized as described earlier. This then takes
the form of an internal source of flux which in turn modifies

equation (2.1) as

fL is a function of the number of unpolarized atoms in the vaﬁor
and of the random process of light absorption. In this case

£, = kg @ (1 - S) (2.3)

where k3 is the light absorption probability per atom per unit
time and ® is the light intensity in units of photons per cm? per

secC.

When light first enters the cell the atoms at the front of the
cell will absorb light first and become polarized. When the
polarization in the remainder of the cell is zero this produces a
gradient of polarization throughout the cell. The equation which
governs this process is the diffusion equation. Equation (2.2) is
modified to include this effect as

1.2 0s

BV s = t - k3¢(1 - S) (2'4)
where D is the diffustivity or diffusion constant. The effect of

relaxation is considered next. The decay rates from the excited

2-9
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state sublevels to the ground state sublevels have an effect on
the equilibrium polarization of the rubidium. One such mechanism
is the collisions of the alkali atoms in the 2P1/2 state with the
buffer gas atoms and the noble gas atoms in the cell. These
collisions cause transitions between the sublevels in the excited
state from my =+1/2 to my = -1/2, thereby changing the relative
repopulation rates of the ground state sublevels. The mixing of
the excited state sublevels is proportional to the density of the
buffer gas atoms in the cell. The relaxation rates are measured
for this system and are considered known constants. Relaxation is
thought of as the opposite of pumping and for the model in figure
2-3 another mass flow term is added to account for this mechanism.
This term is a function of the concentration of the polarized
atoms and the rate at which they will relax.

This term is included in equation (2.2) as
fp = -KS (2.5)

There are three main types of collisions which induce transitions

between the ground state sublevels:

a. Collisions of the alkali atoms with the foreign gas atoms

in which spin exchange is not involved

b. Spin exchange collisions between the alkali atoms and the
noble gas nuclei

C. Collisions of the atoms with the walls of the cell

In the simplest case, collisions with the buffer gas atoms induce
transitions in each alkali ground state sublevel with equal
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probability. Each level is driven to its equilibrium value for

which another flow rate term is written as
fg = -k;S (2.6)

where k; is proportional to the foreign gas density. Spin ex-
change between the alkali atoms and the noble gas nuclei creates
nuclear spin polarization and is a very important characteristic
for the NMR gyro operation. This study, however, treats the
polarization of the electronic spins of the rubidium. The
polarization of the nuclear spin of the noble gases, related to
the polarization of the alkali atoms, is not treated here. The
spin exchange relaxation process as it applies to rubidium pro-

vides another relaxation or flow term

fex = -k2$ (207)

All of these flow rates are added to equation (2.2) as modifiers

giving
1.2 9S
BV S = ot k3¢(1 - 8) + k1 S + k2 S . (2.8)
Under steady state conditions (8) becomes
lv2s=-k¢(1-s)+k S +k, S (2.9)
D 3 1 2 ‘ :

The collisions of the alkali atoms with the walls of the cell are
considered as boundary conditions for equations (2.8) and 2.9).
However the walls of the cell do not always reduce the polariza-
tion to zero at the boundary. It has been observed (Ref. 2-5)
that the rubidium atoms do not relax immediately, but tend to
stick to the glass surface and retain their polarization. This

case is modeled by allowing some finite value of polarization at

the walls.
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The polarization at the walls is not known. However, it is
possible to find a relationship for the gradient of the polar-
ization at the walls., The required boundary conditions can be
produced by considering the walls as reflecting the flux partially
or adsorbing the flux partially, depending on the wall surface. A
probability of absorption R, is assigned to different wall coatings
where 0 < R < 1. The gradient is then written as

[ 4

s
> = Rf; (2.10)

where f; is the flux entering a small incremental volume adjacent
to the wall. We can write the f, term as the polarization at the

wall times the mean velocity, ;rel' giving

o

S -
z - RVpel

A

4

.

S . (2.11) -~@f
Under this boundary condition, when R = 0 the gradient is equal to ;fi
zero and the walls will reflect all polarization. For the
opposite case where R = 1 the gradient at the walls is equal to .;i.
Vie1lS. With S a positive number less than 1 and taking into -

account that Grel is a large number, this corresponds to a
completely depolarizing wall with the polarization at the wall
equal to zero,

The parameters of equation (2.9) are defined in the following

manner. D is the coefficient of diffusion for the rubidium atoms ;"3
in the presence of the buffer gyas. The pressure dependence of D 1
has the form . @]
"o (2.12)

D = Dy—p ’ .

L J

where P, is standard atmospheric pressure, P is the actual partial =

pressure of the buffer gas pressure and Dy is the diffusion co~f-

ficient at standard conditions.

]

1
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B
The k terms of equations (2.6) and (2.7) are formulated as 'ﬁ
k=N oV . o (2.13) =
o rel Po '@
where N, is the density of the gas atoms at atmospheric pressure. ]
The actual density, N at pressure P is )
)
P £
N =N 53— . (2.14)

o Po =
o is the appropriate cross section which characterizes rubidiun »
gas collision, and Grel is the mean relative velocity of the .‘i

rubidium and the gas atoms. This formulation allows simulation of
relaxation characteristics due to the buffer ygas provided that the :
cross section for the interaction has been measured. ]
4
The coefficient kq in equation (2.3) is related to the incoming uﬂ

light in the following way

I o d (2.15)

where I, is the spectral density distribution of the incident

light in the photons per cm2 per second per unit frequency v, and

o, 1s the cross section for absorbtion of a photon of the fre-

quency v. The light intensity does not remain constant throughout
the cell, but is reduced in magnitude by the absorption by the
rubidium. For this study it is assumed that the spectral distri-
bution does not change through the cell but is constant. A
partial differential equation for the variations in light inten-
sity,®, across the cell, taking into account the polarization of
the rubidium, as derived in Appendix A is

0d
= k3N

v o(1 - S) (2.16)

Rb
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where Np, is the rubidium number density. The boundary condition
for this equation is established by the uniform input light
intensity from the lamp, which gives at the front surface of the
cell

® =0, . (2.17)

The light intensity after it leaves the cell is not known because
the absorption of the light depends on the polarization in the
cell.

For discussions of gyro operation, the direction of the light is
chosen as the direction z of a cartesian coordinate system. This
has been done historically in optical pumping experiments. For
gyro operation the polarization along the three principle direc-
tions, X, Y, and Z, of the applied magnetic fields is of interest.
This study and simulation also uses the cartesian coordinate
system. The shape of the cell determines the boundary locations
of the problem. The spherical and cylindrical boundaries are
easily expressed in terms of a rectangular coordinate system. The
input light is applied only in one direction. Depending on the
shape of the cell different absorption characteristics of the
light can result.

Certain assumptions were made in arriving at the preceding model.
This model was obtained from a particle standpoint instead of from
a quantum mechanical point of view. However the results of quan-
tum mechanics were used to obtain some of the parameters, such as
the probability of an atom being pumped. Various cross sections
are given as parameters in this study without deriving expressions
for each mechanism from basic principles. These parameters are
the result of laboratory experiments. It is also assumed that the
light is well columnated and has little dispersion. This condi-
tion is nearly realized experimentally if a lens system is used

between the lamp and the cell, which is the usual case.

2-14
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For this problem it is shown that to calculate the spacial distri-
bution of polarization of optically pumped rubidium inside a glass
cell it is necessary to solve two simultaneous coupled partial
differential equations. A solution of these equations is possible
using a digital computer employing an implicit technique which
requires many iterative cycles to obtain a solution. With modern
digital computers such as the DEC VAX 780, this is not a great
challenge nor is it very time consuming. The details of the
approach to the computer simulation used in this study are
presented in Appendix B.

The result of the simulation is a plot of the polarization distri-
bution in the steady state inside the cell.

For the transient case, which is often encountered in experimental
work, the simulation is more difficult. To obtain meaningful
results in both time and space involves performing a steady state
solution at each time interval. The potential for instability
increases along with many more iterative cycles required to obtain
the solution. The transient case was not considered in detail at
this time,

A computer program has been written to solve these coupled partial
differential equations in one dimension. This program was used to
produce the results of this report.

2.3 RESULTS

The first version of the rubidium polarization distribution model
is shown schematically in figure 2-4. This version, corresponding
to a cylinder of infinite radius, has perfectly circularly polar-
ized incident light impinging on a cell of length L. The faces
(walls) may range from perfectly depolarizing to perfectly non-
depolarizing. The program, as written, allows for input param-
eters of the incident light intensity, the wall depolarization
parameter, the cell length, the temperature, and finally the gas

fill pressures for xenon, helium, and nitrogen.

2-15
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Figure 2-4. Schematic Representation of One Dimensional
Rubidium Polarization Model

Several examples of input parameters have been selected to
illustrate the results of the modeling.

Figure 2-5 displays the effect of light intensity on the rubidium
polarization across a sample cell. Here all parameters except
light intensity were held constant. Notice that at high light
intensity for a cell of length 1.3 cm there is little or no
rubidium polarization gradient except at the cell boundary. The
case presented here is for perfectly depolarizing walls. As the
major rubidium field gradient effect, other than that due to the
wall, occurs at low light intensity, the rest of the simulations
were carried out for such an intensity. In fact, in the experi-
mental apparatus the light intensity is rather high. It should be
noted that all these calculations predict an unusually high
rubidium polarization. That results from the assumption of per-
fectly polarized incident light and the neglect, in this first
version of the modeling, of any effect due to spectral profile of
the pumping light. However, it is not expected that the essential
form of the results presented here will be substantially altered

in the later versions.
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Figure 2-6 shows the effect of the wall on the rubidium polari-
zation distribution for a case when all other parameters are held
constant. Note that the major differences occur at the wall
although there is a small effect within the cell body. The
slightly lower polarization for perfectly depolarizing walls is
due to the fact that more of the light intensity is absorbed in
the region of the cell near the light source, and less pumping

light arrives at the region farther from the light source.

Figure 2-7 shows the effect of cell size. Here paramrters were
chosen corresponding to figure 2-6 for the perfectly non-
depolarizing wall. The results show, for these parameters, that
the rubidium polarization drops off about 50% across a cell of
length 1.3 cm and close to 100% at a length of 2 cm. Thus cell
size could become very important in the event that, as illustrated
here, the light intensity is very low. Calculations of this type
aid in determining minimum required light intensity for cells of
various sizes.

Figure 2-8 illustrates the effect of temperature on rubidium
polarization. For this case, all parameters except temperature
were held constant and the same low light intensity as for figures
2-6 and 2-7 was chosen. The effect shown here illustrates that at
higher temperatures the rubidium vapor becomes so dense that more
of the light is absorbed causing a very large effect at 100C. 1In
gyro operations there are also considerations such as rubidium
magnetometer sensitivity and gyro bias temperature sensitivity,

and it is found practical to operate close to 80C with high light

intensity.




.o.?,?}_ e T T
m 309333 TTBM UOT3IEZTIRTOd UMIPTqNy °9-Z 2InbTJ
3 (WD) 1 ¥3LWYIa M :
08'T 09T ov'T 0Z'T 00'T 08'0 09'T OO 0Z'0 00°C
r T T _ _ _ T _ ] 00'0 |
10 |
~———TIYM ONIZIYY10d3d A1103J43d . |
—462'0 & :
3
A > ._
o ¢h'o = 7 |
< 5 ° m
— A
; = m
mm [0 - |
X _
= 4
3] L
i =)
0 =
TIVM ONIZIYY10dIA-NON A1193443d
o
Mm =98'0
§
o
)
P R
AU 5> VTP ; RIS v NP




V.. Ve T AR g 4”‘1.11 T O—" T a EhC+ ¢

i 3 221§ T{9D 3O 30933d ‘(-7 °InbTd

|

g m (W1 ¥313Wvia 113D

W 09'¢ 0¢'¢ 08'¢ ot'¢c 00°'¢ 09'1 0¢'tT 08'0 oh'0 00°'0

: r T T T T | T _ 00°0

: _

ﬁ_ |

‘., " —hT'0

: | |

” |

_ | 6z'0

m i

w @ _ -
™ O

w. () —_—_——— e — e — [}

.. % - M: O%

X - c

ﬁ § =

v s N

) /S'05

” S

3 {

g mw T2'0

o |

1 m 98°'0

W i

ﬁ m Jdoo't

y

_ s R 3 ..-. . .
N | N |

20

P PSP SRy




}qll. Jd' ey 1;4,114.14.. A ﬂﬂ!:

[y

r————— JMI 41.”&74.1-

FSCM 06481

(W) 71 ¥313IWVIa 1132
08'1T 09'T 0h'T 02'T 00'T 08'0

UOT3IEZTIBTO4 umIprqny uo axnjexadws] IO 30993341

038°'0

*g~¢ 2Inbrg

oh'0 02'0 00'0

F I 1 1 1 1 |

405039

T

I 00°0

h1'0

60

¢h'o

£5°0

NOT1VZIYvi0d ay

1470

5500 Cenoga Avenus, Woodiand Hills, Californie 91385

YT Ty
@m&m«.ﬂm

'v . s ‘ ‘ ) ’ h " N
rew R . . e . > e R

| (R S P S PRI ST PRSP S PP PP L aha a3

e~ }"- ':i‘:r“, A .'.'A[ .

PR W S e S S DRy

38°0

-100'1

. o e s
[ S , . A H
. et LN K

el i vl s B B

4"1 YT q w—eerema—— YT .L. ooy — >—y—y
- s . TR ... ‘ 1 e

21

PO W

.

PG VP S S S

LI T WP W W G D D




e t . 0 % g - W e T . ——
F‘.',‘. R O e e T i A e aman aea MJIPRI A hGl E Set D M Sreh el S sn Suus Sees s M cou am aees S
3 -

3 405039 -

GUIDANCE & CONTROL SYSTEMS FSCM 06481
5800 Canoge Avenue, Woodiend Hille, California 91385

Finally, figure 2-9 illustrates the effect of a buffer gas pres-

sure. The three traces in figure 2-9 represent three different

Again, the same low light intensity was chosen in order to illus-

D

d 0
AP helium pressures while all other parameters are held constant.

[ ]
i trate better the effect due to pressure. This figure illustrates

very well why a buffer gas is added to optically pumped systems.

:_ The higher the buffer gas pressure the closer the polarized
E‘ - species may approach to the wall without being depolarized by the
= relaxing effect of the wall. For lower buffer pressure, the wall

effect is more noticeable.

The results presented here are well illustrated by experimental

F’ a results presented previously (Ref 2-2). This report presents

Ef - selected new experiments which illustrate certain effects shown in
- figures 2-5 through 2-9.

It is well known in NMR experiments that a static field inhomo-
geneity along the direction of the D.C. magnetic field will be a
source of transverse nuclear relaxation. 1In order to illustrate
effects due to rubidium field gradient two types of experiments

are carried out. One has the magnetic field (precession field)

perpendicular to the direction of the light axis. In that case,
in the idealized model, the rubidium field gradient is perpen- ﬂ
dicular to the main field and does not contribute strongly to the

transverse relaxation time. 1In the second type of experiment the

magnetic field (precessicn field) is along the light beam direc- 9
tion and any inhomogeneity due to rubidium polarization will be ]

felt. As discussed previously, (Ref 2-2) in the event that an

L

external as well as an internal field gradient exists, two dif-
ferent transverse relaxation times would be expected in the second

type of experiment depending on whether ot or ¢ circularly

ST . PP

polarized light were used.
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In the event that there is either no external field gradient
arising from inhomogeneities in the precision field directed along
the light beam or that there is no internal field arising from a
rubidium polarization gradient, it is expected that the observed

+

transverse relaxation times would be the same if either o¢¥ or o

circularly polarized pumping light is used.

In table 2-1I a few transverse relaxation time data are presented
for the two types of experiments. The circular polarizers are
labeled "A"™ and "B". 1In the experiment where the precession field
is perpendicular to the light beam the relaxation time is found to
be the same in both polarizations and only results for polarizer
"A" are presented. The marked difference between the relaxation
times in that experiment and in the experiment with the field
parallel to the light beam demonstrates the existence of a field
gradient in the case where the field is parallel to the light
axis. The small, but very real, differences in the relaxation
times for the two light polarizations in that experiment illus-
trate the existence of both an external and an internal field
gradient in that system. The differences in relaxation times
found in the two types of experiments simply illustrate that some
field gradient effect exists for the field parallel experiment but
does not distinguish as to whether an internal gradient is
present, The example presented in table 2-1I was selected to
illustrate the internal field gradient effects. In fact it is
found for a number of systems of small cells irradiated with high
light intensity that there is no difference in relaxation times
for the two experiments and no dependence on choice of
polarization., Ths is a very important result as far as gyro

operation is concerned.
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TABLE 2-I. EXAMPLE OF EFFECT OF RUBIDIUM POLARIZATION
DISTRIBUTION ON TRANSVERSE RELAXATION TIMES

T2(Sec) at T,(Sec) at
100C 80C
Field parallel to Light Beam
Polarizer A 48 134
Polarizer B 45 126
Field perpendicular to Light Beam
Polarizer A 77 210

2.4 CONSIDERATIONS FOR FUTURE WORK

The modeling presented here is being extended to include more
general cell shapes. Combined with experiment, the modeling will
be used to optimize pumping light intensity for various cell sizes
and fills.
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of the spin 1/2 isotope of xenon, Xe, has been the subject of
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SECTION III )
THE IMPORTANCE OF DIRECT DIPOLE-DIPOLE SURFACE
RELAXATION OF 12%9xe IN SMALL SAMPLE CELLS o
3.1 INTRODUCTION ¥
In recent years the gas phase nuclear polarization and relaxation _j
129 Y

several studies (Ref 3-1 to 3-3). Among the reasons for interest

JPe

in this system are applications in a nuclear magnetic gyro (Ref
3-4) preparation of polarized nuclear targets, and, more recently,
the possible improvement in the fusion process by use of polarized
nuclei (Ref 3-5). While previous studies of 129y have been
confined to systems in which the sample cells were relatively
large (Ref 3-1 to 3-3) (15 ml), this section presents results for
the first in a series of studies of small (1 ml) sample cells

where surface effects become important for 129y,

In the system
under investigation the xenon nuclear polarizaion is achieved

through a spin exchange process in an optically pumped rubidium-

B DRI U U

xenon system. In order to probe for possible surface relaxation
of 129%e due to the direct dipole-dipole interaction, cells coated
with either RbH or RbD have been investigated. This is an experi-
ment analogous to that of Bouchiat and Brossel (Ref 3-6) who

PG PRSPPI S

investigated rubidium relaxation on ordinary paraffin and deuter-
ated paraffin cell surfaces. However their concern was with the
alkali. This study examines, for the first time, the relative
efficiency of hydrided or deuterided surfaces for relaxation of

nuclear polarization of a noble gas.

LSRN AR & B

There are various mechanisms known to govern nuclear relaxation of

spin 1/2 noble gases on surfaces. Fitzsimmons, Tankersly, and

Walters (Ref 3-7), considering the case of 3He relaxation in cells
prepared from quartz, pyrex, and two aluminumosilicate glasses,

discussed two surface relaxation mechanisms. One was a permeation

3-1
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controlled relaxation due to the diffusion of helium into and back
out of the cell wall material. The other, applicable to our case,
was an adsorption controlled mechanism. As will be seen, the
study reported here differs from others in that it involves a
system where surface energies and sticking times are expected to
be the same, while local fields experienced by the nuclear species
will differ. 1In Section IV experiments on surfaces of several
different types providing both different surface energies and
different apparent local fields, will be discussed. The results

129Xe surface relaxa-

presented in this report suggest that, for
tion in cells buffered sufficiently to inhibit the wall inter-
actions of the alkali but not of the noble gas isotopes, differ-
ences in magnitude of local nuclear magnetic fields at the surface

do not control the relaxation process.
3.2 THEORETICAL BACKGROUND

Previous studies of surface relaxation of spin 1/2 noble gases
have been confined to the study of the other spin 1/2 isotope,
3He (Ref 3-7, 3-8). 1In the 3He case there are two mechanisms for
surface relaxation, a permeation controlled relaxation and a
surface adsorption controlled relaxation. The latter is the

1294,

appropriate model for an isotope not susceptible to the

same degree of diffusion into glass as helium.

Most generally, the expression for T,., the longitudinal relaxation
time of the spin 1/2 system on the surface, is expressed as (Ref
3-7)

N
T]. = E (ts+TS) ’ (3.1)

where tg is the average wall collision sticking time (or dwell

time), Tg is the characteristic relaxation time for the species

(129Xe) on the surfaces, N is the number in volume v of atoms of

the species under consideration, and n is the number of these

.
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®
atoms interacting with the surface at any instant. This
expression is general for surface relaxation as long as n<<N. The
expression does not depend on the specific surface relaxation :
mechanism proposed. It has been shown (Ref 3-7) that expression ’
(3.1) takes the form :
2w e-2E/kT :
Tia = - = .0 ,2 : (3.2) I
Av (letS ) K

In equation (3.2) V is the volume of the cell, A is the effective
surface area which need not be equal to the apparent geometrical
area, E is the surface adsorption energy, v is the mean thermal
velocity of the atomic species (129Xe),_;l1 is an average local

is the sticking time in the
The

- .A::‘;A!AA LR S B

magnetic field at the surface site, tg

high temperature limit, and T is temperature in Kelvins.

physical constants k and y are specified. Assumptions made in

obtaining equation (3.2) were that vy Hy tg << 1 and ».
ts
T = ————— >> t
s - 2 s
2(YHltS)
These can be shown to be reasonable for cases where tg is suffi- ®
ciently short, E is low enough and H; is due to nuclear species.
For helium E ~ .0l - .1 ev and tg4 _5_10'12 sec at temperatures of
interest (Ref 3-7). The sticking time is described by
L

o _+ E/kT
tg = tS e .
expected to be on the order of a molecular vibration time (~ 10~

where tJ is the high temperature sticking time
2

sec). Assuming a local field arising from nuclei in atoms on the

surface to be on the order of 1 gauss (Ref 3-9) and using the
value of -7.4 x 10%3 rad/sec gauss, the gyromagnetic ratio for

9Xe, the conditions for equation (3.2) are readily fulfilled.
The assumpticns could break down at the extreme where E 0.3 ev

(observed for xenon on platinum (Ref 3-10) and the local field is
due to an unpaired electron spin (paramagnetic center). For the

systems under discussion in this paper the assumptions are
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probably valid. The RbD or RbH coating effectively shields the

129%e from paramagnetic centers. There is however, another

consideration.

In the event that there is more than one surface site, i, of
different adsorption energy E;, and assuming no correlation
between relaxation on the various sites then equation (3.2)
becomes
-2E: /KT
T =—2V z —15 e i/k (3.3)

1.
i

- 2,0 i H
s
In their study of helium adsorbed to aluminosilicate glass
Fitzsimmon, et al, found evidence for two different adsorption
sites (Ref 3~7). For cells studied here, for example, there is
rubidium metal present which may or may not be covered with

hydride or deuteride.

The question of the expected magnitude of the adsorption energy of
xenon on surfaces requires thorough consideration not only because
it can affect the validity of equations (3.2) and (3.3) but also
because it is of interest for interpreting results of experiments
where (3.2) and (3.3) cannot represent the proper model (e.g., a

quadrupolar nucleus such as 131

Xe) but the surface binding energy
(and sticking time) is still important for the model in question.
Fitzsimmons, et all (Ref 3-7) found for He a surface adsorption
energy of .0l ev on pyrex and .01 ev and .1 ev on aluminosilicates
although they could have fit their data to a range of values. One
would speculate, for example, that the binding energy for helium
on a silica site might be different from that of helium on an
alumina site. In any event, recent results for Ar and Xe adsorbed
on alumina suggest a larger adsorption energy for those species
(Ref 3-11, 3-12) than for helium, and a slightly larger adsorption
energy for Xe on pyrex has been reportd in 131Xe studies (Ref

3-13, 3-14). An adsorption energy of .5 ev was predicted for Ar

3-4
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on Al,03 with the atom a distance of 2.9 A from the surface in
good agreement with the experimental result of 0.3-0.4 ev for that
system. Similar results are cited for the Xe-Al,03 system, but
numbers are not given. 1In view of the known larger polarizability
of xenon and despite its larger Van der Waals radius it is easy to
believe that the effect for xenon could be even larger. If that
is the case, the assumptions leading to equations (3.2) and (3.3)
would still be valid as long as the magnetic site on the surface
is not due to an unpaired electron spin. One way to try to sort
out contributions of various different effects is to consider a
system in which Ea and Tg are held constant while ﬁl is varied.

Such a system is the subject of this paper.

In the event that sticking times and adsorption energies are the
same for different samples then it is known that the relaxation
rate of a nuclear spin I interacting with a second nuclear spin
I', if dominated by the direct dipole-dipole interaction, is a

simple proportionality.
I (I +1) (3.4)

where (1/T2)I is the transverse relaxation rate of spin I, yvj is

the gyromagnetic ratio for spin I. y;' is the gyromagnetic ratio

for spin I, I is the spin of spin I (1/2 for 14, 1 for 2H) and

rII' is the distance between I and I . As the deuteron has spin 1
1 1

and a gyromagnetic ratio of 4107 radian sec” * gauss - while the

proton has spin 1/2 and a gyromagnetic ratio of 26753 radian sec”!

gauss—l, one would predict a factor of 16 increase in relaxation
time for 12%xe relaxing on RbD over that found on RbH if its
relaxation is dominated by the direct dipole-dipole surface

interaction.
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Any significant contribution to the direct dipolar relaxation of
129y¢ by the surface cation, Rb*, (spin 3/2, gyromagnetic ratio
8750 rad sec”l gauss‘l) can be ruled out by the l/rgI‘ factor on
the basis of possible distance of closest approach of the two
nuclei. Thus, if the 129ye is significantly affected by the
direct dipolar interaction on the surface, a definite difference
in 129%e relaxation times would be expected in comparing hydride
and deuteride cells. This is to be expected even though the
deuterium gas used in cell preparation contained significant
hydrogen which reduces the factor of 16 to about 4. Practically
speaking, this means that if a T2 for 129Xe of 80 sec is observed
(a typical value in DMG cells at 80C) in a rubidium hydride coated
cell then a T, of 320 sec should be observed in a rubidium
deuteride coated cell if the relaxation is completely dominated by
direct dipolar surface interaction.

As is well known, however, an important source of 129Xe relaxation
in these NMR cells is that due to gas phase interaction with
rubidium (Ref 3-2). An expression for the total relaxation of the
spin system can be written as

1 - 1
T~ = Ngpo vV + — (3.5)
2 T2

where the first term on the right hand side of equation (3.5)
represents the gas phase relaxation rate. Npp is the rubidium
density, o is the exchange cross section and v is the relative
Rb-Xe velocity. All other relaxation rates are incorporated

into 1/T'2. Those other relaxation rates include effects due to
any field inhomogeneity and effects due to wall interactions. For
the experimental setup and cell types used in the experiments
reported here it has been demonstrated that field gradients are
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insignificant, (Ref 3-15) and hence l/Tl' may be viewed as an
effective wall rate. Thus equations (3.5, 3.4 and 3.3) provide

.Y 2 ? [}
_ S.” I. (I. + 1)
l N ov+ocr—L 1 i e2E /KT | 1 (3.6)
T, Rb : 6, T,

In this expression the first term on the right side has already
been discussed. 1In the second term C is a constant. Iil repre~
sents the spin that I (129%e) is interacting with in a direct
dipolar interaction in which the atom containing nucleus 1 is
adsorped to a site i close to Ii' with binding energy E;. Any
non-dipole-dipole wall relaxation mechanism rates are denoted by
1/T2”. Over the temperature range of interest all terms except
the first are only very weakly temperature dependent with the
major source of temperature dependence of the first term due to
the rubidium vapor density. It has therefore become customary in
these experiments to plot 1/T2 versus Nppy. The resulting plot
gives the effective spin exchange times relative velocity as slope
and wall rate as intercept. In the event that for two different
samples the wall adsorption energies are the same and any effect
given by 1/T2" is the same, the calculated wall rates would be
expected to reflect differences in local fields. 1In such a case

equation (3.6) reduces to

2 [} ]
Y
Si Ii (I1 + 1)
= = Nov .7
T2 Nov + C1 ? - 6 + C2 (3.7)
II
3-7
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where C; and C, are constants which are the same for both types of
cells. To the extent that the direct dipolar interaction is an
important source of wall relaxation, differences in wall rates for

the two types of cells are expected.
3.3 EXPERIMENT

3.3.1 Cell Preparation and Analysis

Twelve 1 ml pyrex cells were prepared containing ample 87Rb, 0.5
129Xe, 2.5 torr 13IXe, 100 torr He, 40 torr N,, and 10 torr
of either D, or Hp. (1 torr of gas corresponds to a number

torr

density of 3.54 x 1016 molecules/cm3). The rubidium metal content
was monitored with differential scanning calorimetry (DSC) by
making use of the known heat of fusion at the melting transition
which, at 39C, is in a convenient range for this determination.
Through careful calibration, using especially prepared sample
cells which were subsequently destructively tested for total
rubidium content, it was possible to ascertain the Rb content of
the NMR hydride and deuteride cells non destructively. The Rb
metal content for these cells was found to range from 73 to 213 u
grams after sufficient time had elapsed for the hydrogen or
deuterium to have reacted with the rubidium. Thus, the rubidium
metal measured represents the unreacted portion of the total
rubidium in the sample. After the NMR research progressed,
selected cells were sent for independent destructive testing of

the gas fill by means of mass spectroscopy.

3.3.2 NMR Studies

The cells, 6 containing D, and 6 containing H,, were screened for
NMR characteristics when first prepared. At that time Rb metal
was distributed as a hemisphere inside the cells. Subsequent to
the DSC studies the Rb was driven into the tip-off region by means
of an oven running at 100C but having a cooled region close to the
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cell tip. This "Rubidium Rearrangement Oven" is schematically
illustrated in figure 3-1. The device includes cold fingers
suitable for driving rubidium to the base for convenience in DSC

experiments or to the tip for use in NMR experiments,

After driving rubidium to the cell tips, a series of NMR experi-
ments were carried using an apparatus and methods which have been
described previously (Ref 3-2). Temperature dependent studies
were carried out in order to fit results to the terms of equation
(3.5). This was followed by an aging study of cell properties at
80C which included some studies of the rubidium optical pumping
characteristics (Ref 3-16) (rubidium magnetometer sensitivity and
line width? in addition to noble gas polarization and relaxation
characteristics., Aging was carried out at 80C over a period of
about two months. This part of the experiment was aimed at
determining the time necessary for attaining stable NMR parameters
for both xenon isotopes. It had been observed that initial aging
is necessary to bring the cells to a certain level of performance,

but the actual aging characteristics were not known.
3.4 RESULTS AND DISCUSSION

As pointed out in the theoretical section there are well developed
models for relaxation of a spin 1/2 system on interaction with a
surface. In the model presented, 129Xe should be much more
affected by local fields than 131xe which has a factor of three
129Xe In fact 131Xe has a quad-

rupolar nucleus of spin 3/2 and is known to relax by an entirely

lower yyromagnetic ratio than

different mechanism (Ref 3-13, 3-17). The 131Xe relaxation is
expected to depend on the strength of the quadrupolar interaction
rather than the strength of a magnetic interaction such as the
direct dipolar interaction. To the extent that this is true it is
expected that there should be no difference between 13lxs relaxa-
tion for deuteride versus hydride cells. It is expected that RbD

and RbH will present very nearly the same surface binding energies,
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dwell times and effective deformation of the electron cloud around
the xenon nucleus. Thus reasonable models predict no difference

for 131xe relaxing on these surfaces, but do predict differences i
for 129xe. J

Figure 3-2 shows the results of an aging study at 80C in which the

'_'.." i o .r"_'- ';
-

transverse relaxation times of the two species were monitored. The :
B cells were aged at 80°C in an aging oven and periodically removed :
u = and studied. Data displayed for the first five weeks are averages i
' for the six hydride and the six deuteride cells. Lines are drawn 1
through the data points to aid the eye. At the end of the aging s

period one deuteride and one hydride cell were selected for

destructive testing of gas fill by mass spectroscopy. Selected

remaining cells were subjected to large (3-4 atm) external helium
pressure at 80°C for a few days. The results of this "reheliumi-
zation" are indicated in figure 3-2., Although not indicated, the

error bars on the points in figure 3-2 are such that there is no

observable difference in xenon characteristics at 80°C for hydride
and deuteride cells, whether one considers 13lxe or 12%ke. as the
mass spectroscopy results showed that one deuteride cell had
significantly less helium than the selected hydride cell, both
types of systems were subjected to "reheliumization" studies. 1In
spite of this, it was never possible to make the hydride and

deuteride cells significantly different from each other for either

xenon isotope.

Although comparisons of one temperature (80°C) have been found to
be useful, they do not tell the whole story. During early stages

of the aging process, between 1 and 2 weeks, temperature dependent

'Y

data were taken and 12%xe results fit to the form of equation (3.5)
under the assumption that ov and T,' are constants over the

temperature range of interest. This is consistent with current ‘
practice for these kinds of studies and allows for comparison with '1
the work of other researchers (Ref 3-~18). The results are

presented in table 3-1I. Results for different surface treatments

are presented in section IV.
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TABLE 3-I. AVERAGE WALL RATE AND Rb DEPENDENT RATE FOR RbH AND
RbD COATED CELLS FROM STUDIES OF 129xe TRANSVERSE RELAXATION

( 1 ) (sec™ 1) oV ( cc
Tz wall #Rb atoms sec)

Cells Coated
with
RbH  (2.48 & 0.37) x 103 (1.12 = 0.08) x 10”14

RbD (3.13 % 0.58) x 1073 (1.10 + 0.05) x 10”14

The data in table 3-1I represent cells of approximately the same
fill. The differences are 10 torr of H, or D, in the RbH or RbD
cells. Within experimental error the gas phase results, repre-
sented by the parameter ov are the same for both cell types. The
RbH/RbD wall rates are also essentially the same. No amount of
aging or helium treatments was capable of bringing out any marked
difference between the deuteride and hydride cells., This is in
sharp contrast to results found for other surface treatments,

Taken together these results indicate that direct-dipole relaxation
of 129%e on surfaces in cells of total gas pressure > 100 torr is
not important where the magnetic surface species is a nuclear spin.
Studies of various surface treatments now under way should help to
characterize the nature of the mechanism controlling 129%e

relaxation on surfaces in very low magnetic fields.
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SECTION 1V

EFFECT OF SEVERAL SURFACE TREATMENTS ON 12%e
POLARIZATION AND RELAXATION IN NMR CELLS

4.1 INTRODUCTION

The importance of wall effects in polarization and relaxation of
optically pumped spin systems has been pointed out by a number of
people in the early days of optical pumping experiments, (ref.
4-1, 4-2) and has recently taken on new importance because of
possible applications of gas phase nuclear polarization to
enhanced fusion processes (ref 4-3). 1In a recent study, Optical
Pumping of Dense Charge-Excharge Targets for Polarized Ion
Sources, Cornelius et al (Ref 4-4) cited depolarizing effects of
wall collisions as a deleterious effect. With the exception of

one aspect of the 3

He studies (ref 4-1), consideration of wall
effects has usually been directed toward studies of depolarization
of the optically pumped species itself, i.e., the directly opti-
cally pumped He (as opposed to polarization through spin exchange)
or the optically pumped alkali metal atom (e.g., Rb or Na). This
section presents results in which the noble gas xenon is indi-
rectly polarized through a spin exchange process (in which mole-
cular formation plays an important part) and has a contribution to
relaxation from that same process in addition to any wall effect
present. This section presents the first systematic study of
129¢e relaxing on a variety of surface types. It is hoped that
the results will lead to more efficient and sustained polarization

for a variety of systems.
4.2 THEORETICAL BACKGROUND

Nuclear spin relaxation of spin 1/2 systems was discussed in the
preceding section. Specific results applicable to this study are
restated here. Most generally the surface adsorption relaxation

is given by
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T, =X (1 4+ T_) for n<<N (4.1)
1 n s s .

and where 715 is the average wall collision sticking time (or dwell

time), and Tg is the characteristic relaxation time for the

129Xe, on the surface. N is the number in volume V of

species,
atoms of the species under consideration, and n is the number of
those atoms interacting with the surface at any instant. Under
conditions outlined in the previous section the wall relaxation at
the ith site can then be expressed by

e—2Ei/kT

T,., = (4.2)
1i - - o ,2
AVxe (Yerlits )

where Tj; is the relaxation time on the ith site, E; is the
surface binding energy of site i and Hy; is the local magnetic
field at that site. V is volume, A is effective surface area (not
necessarily apparent geometrical surface area), V,, is the xenon
SO is the high temperature sticking

time. The sticking time at site i, 75 , at a given temperature T
i

atom mean velocity, and 1

is given by

. - <© E. /kT
si ~ 's €1 . (4.3)

It is usual to take Tso as 10712 sec, the approximate period of a
molecular vibration and hence a good approximation for the break
up time of a short lived complex on the surface. The effective
local nuclear magnetic field was demonstrated in the previoius
section not to be dominated by direct dipolar interactions due to
nuclei on the surface containing non zero spins. The magnetic
interaction then must be due to some other mechanism, for example,
a larger magnetic moment due to an unpaired electron spin.

Another possibility is that the alkali is efficiently depolarized

at the surface and in turn depolarizes the noble gas nuclear
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:f moment in a mechanism analogous to the gas phase interaction

| (Short lived Van der Waals molecule at the surface). As the
surface/volume ratio is an important factor in equation (4.2) it
F - would be unwise to overlook the fact that various surface treat-
L ments may influence the topography of the surface and in this way

affect the relaxation time.

»‘ — Although wall relaxation models have a clearly defined temperature
{ dependence, in practice it is found that over the the temperature
.. range typically studied (~50-100C) only a very weak temperature
dependence is observed. The total relaxation rate can be

expressed as

1 p—tg —
F = Npp oV + =, (4.4)

where T, is the transverse relaxation time, NRbés-represents the

gas phase rubidium density dependent relaxation rate, Ng, is the

Y
‘l s
R .

rubidium number density, ¢ is the effective spin exchange cross
section, and ¥V is the xenon-rubidium relative velocity. Ty’

F - represents all other relaxation effects. Repeated studies have

shown that for cells «<f size and fill studied here the pump time

12944 (ref.

4-5). This indicates that field inhomogeneities are not an impor-

and the transverse relaxation time are equal for

T

A0 a0 0d Ba s L 2N
AR RS

? tant source of relaxation in these systems and 1/T2' may be

- considered to be a wall rate. For the studies presented here the
;

s simple form given by equation (4.4) was used.

3

b4 4.3 EXPERIMENT

3

if Six sets of cells with various surface treatments containing 87 Rrp
o and very nearly the same gas fill were produced. The nominal gas
- £i11 is 0.5 torr 12%xe, 2.5 torr 131ye, 40 torr N, 100 torr He,

&

T

and 0-10 torr H,. Each set consisted of six cells prepared on one

manifold on the vacuum stand.
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- Initially, three of the sets were prepared using pyrex glass,

) attached to three separate parts of the vacuum line, baked out
S over night, and filled the next day. One set contained no

h. - hydrogen, the second had 10 torr added H, and the third had 10
torr added D,. A surface coating forms readily in cells with Hy
L and Dy. 1In this study the sets are referred to as plain pyrex,

: pyrex/RbH, and pyrex/RbD cells. The RbH and RbD cells are the

[I - same cells discussed in section III.

Subsequently a set of silicone surface treated pyrex cells was
prepared. Prior to attachment to the manifold, the six cells were
chemically cleaned. Following that the cells were treated with
10% Surfasil (Pierce Chemical Co.) in acetone, dried and cured at
100°C. and attached to the manifold for filling. The cell gas

fill was the same as for the plain pyrex cells.

! After testing, selected cells from pyrex/RbD, pyrex/RbH and pyrex/
silicone were sent for destructive testing of gas fill by means of
mass spectroscopy. The results of the destructive testing indi-
cated that, with the exception of a certain amount of helium loss
due to aging, the fill station results are fairly accurate. Yet
the observed 129Xe/131Xe signals varied sufficiently to warrant
developing a better technique for detailed surface comparisons.

In an effort to minimize gas phase differences and thereby point
up surface differences, a research gas mix was prepared from 60%
enriched 129¢e and 131Xe, and buffer gases N, and He. Several
samples of the resulting mix were analyzed by mass spectroscopy
and found to contain 0.3% 129Xe, 1.9%, 131Xe, 29% N, and 60% He.

e Two sets of cells containing the research gas mix were then
prepared. The first set was pyrex and was filled with 10 torr Hy

- plus 143 torr of research mix. This corresponds closely to the

3 previous cell fills used in this study. The second set was

q prepared from high purity quartz. The cells were ultrasonically

cleaned with deionized water and then heat treated in air at 700°C
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for 48 hours. The treatment has a surface annealing effect (ref.
4-6) which was thought possibly beneficial to xenon relaxation
properties. In addition, advantage might be gained from use of
high purity materials. On the other hand, quartz has very poor
characteristics as far as helium diffusion and rubidium attack are
concerned. The cells were prepared with those characteristics in
mind. Ample rubidiium was used and the cells were prepared with
thick walls. Three of the six cells were filled with 143 torr of
research mix, and the other three were filled with ten torr of H,

and 143 torr of research mix.

All six sets of cells described here were studied as a function
both of aging time and, periodically, as a function of temperature
in an NMR apparatus which has been described in the literature
(ref 4-7).

4.4 RESULTS AND DISCUSSION

Transverse relaxation time data as a function of temperature were
taken on cells aged, typically, for 2-4 weeks. As discussed in
section III, pyrex cells will lose a significaant amount of helium
during aging at 80°C. Efforts were made to keep the studies
"parallel” in the sense that cells were treated to similar times
in the rubidiium rearrangement oven or in the aging oven. Typi~-
cally, cells are placed in the oven for 2 to 3 days at 100-130°C
with a cold finger at the tip-off region of the cell. The temper-
ature differential drives rubidium metal into the tip-off region.
The cell is then placed in an aging oven at 80° C for a time

period extending from a few days to several weeks. Careful

Yy T

| SN

'

Ltaat

1
|
|
’
?

-4

.

1
]
]
monitoring of the NMR characteristics at 80°C as a function of ;
aging not only pointed up the potential loss of helium, later ;
!
confirmed independently by mass spectroscopy, but also showed that }
the cells are almost sufficiently aged by the time the rubidium 1
}
F rearrangement process is completed. %
4
1
4-5 |
[
!
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Data regarding the temperature dependence of 129e relaxation
times, T, were taken for similarly treated cells. For each
individual cell the data were fit to the function form of equation
(4.5)

= N, ov + &, . (4.5)

-3~

' .
The assumption was made that 1/T , '8 constant over the tempera-
and o v for

ture range of interest. The values obtained for l/T'2
the cells within each set were quite consistent. The average of
those results and the standard deviation are presented in table 4-
I. The data for the pyrex/RbH and pyrex/RbD represent averages
for six cells per set while only two of the plain cells are repre-
sented in the table. Wall rates for the remaining plain cells
taken after much aging cannot be directly compared with the
results in table I but were consistent with those results. They
exhibited gas phase rates typical of less buffer fill (He loss)
and wall rates comparable to data in table 4-I. The data for the
pyrex/RbH/research mix cells represent results for four of six
cells. The other two were used for independent analysis of gas
£ill.

Although no data are presented in table 4-I for the quartz cells
they present some results not seen previously with pyrex or
Corning 1720 glass. For the plain (non hydrogen containing)

129

quartz cells the wall rates for Xe appear comparable to those

found for plain pyrex (cf table 4-I). The results for 131Xe,

on
the other hand, are markedly different from those found for plain
pyrex.

Whereas plain pyrex cells exhibit short 13lye relaxation times as
well as low signal amplitude, the plain quartz cells show 131Xe
relaxation times and signed amplitudes similar to those found in
RbH coated pyrex cells. These interesting results are being
followed up with a long term aging study in which the helium cell
fill is maintained through use of a known external helium

pressure.
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TABLE 4-I. AVERAGE WALL RATE AND Rb DEPENDENT RATE FOR VARIOIUS
TYPES OF CELLS FROM STUDIES OF 129%e TRANSVERSE RELAXATION

. N

Acde

-1
1 (sec™ ) oV cc
Ty wall #Rb atoms sec

1
Andad o

Plain Pyrex (3.11 + .28) x 10~2 (7.42 £ 2.92) x 10715

Pyrex Cells
Coated with

RbH (2.48 + 0.37) x 103 (1.12 ¢ 0.08) x 1014
RbD "l (3.13 £ 0.58) x 1073 (1.10 + 0.05) x 10~ 14
Silicones (1.10 + 0.38) x 103 (1.03 + 0.06) x 10-14

Cells Filled with
Research Mix:

Pyrex Coated (3.37 + 1.09) x 10~3 (1.05 +0.11) x 10”14
With RbH

o,

Interestingly, the quartz cells seem to present a more reactive
surface than plain Pyrex or'Corning 1720 glass. All hydrogen
containing cells reacted to completion consuming all rubidium
metal within a few weeks. Prior to that, the hydrogen containing

cells exhibited NMR parameters (129 q 131

Xe an Xe signal amplitudes
and relaxation terms) generally inferior to comparable pyrex/RbH

cells.

These results suggest that, although pure silica is probably a
poor material for long lived gyro cells, it may be a useful tool
for surface studies.

Referring again to table 4-I, the results show, within experi-
mental error, that all cells with the same gas fill exhibit the
same gas phase rate as expected, The wall rates, however, can be
very different. Note that the wall rate for the plain pyrex cells
is an order of magnitude larger than the RbH/RbD or the research

Pt

».




Sichiaatin e gl e
AR 40

rrrrfr“nv-
« . . .
v o«

405039

SoucE & coumoL wyarens oo
mix/RbH cells which, in turn, exhibit a factor of 3 larger wall
rate than the silicone surface treated cells. Repeated efforts to
find a significant difference between RbH and RbD surface treated
cells indicate that there is no difference as far as 129%e relax-
ation is concerned. It should be noted that such studies have not
been presented previoiusly. It has been the experience of workers
in this field that it was not possible to get consistent results
within a single set of cells. Through development of careful
production techniques this problem has been overcome, This is

evident in the statistics presented in table 4-I.

At this time further studies are being carried out in an effort to
choracterize fully the surface types. The results presented here
are inadequate to provide any interpretation regarding the
thickness or topology of the walls. Important questions exist
regarding both., To the extent that paramagnetic sites in the
glass may be effective in relaxing the nuclear spin (nuclear
moments are not very effective) it is beneficial to maximize the
distance between the noble gas nucleus and the unpaired elec-
tron. This follows from the fact that the relaxation rate varies
as 1/r6, where r is the interspin distance. Thus wall coating
thickness can be important, From equation (4.2) it is evident
that the effective surface/volume ratio can be important. Hence
the topology can effect the relaxation times. It is also very
likely that relaxation occurs through an electron-nuclear
interaction such as indirect nuclear coupling or even a spin orbit
interaction at the surface (ref 4.8). This is still a magnetic
mechanism. The difference is that El depends on the angular
momentum of an effective unpaired spin density or a surface-formed

van der Waals molecule.
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These initial NMR wall relaxation studies are encouraging.
Studies continue aimed at finding methods to characterize better
wall coatings by independent testing. Further types of wall
coatings are under investigation and it is hoped that these
studies will lead to enhanced gas phase nuclear polarizations.

4.5 CONSIDERATION FOR FUTURE WORK

The results presented in Sections III and IV demonstrate the
importance of surface treatment in NMR cells as far as 129xe is

concerned. Further work is needed to characterize fully wall
relaxation effects on 13lXe. The achievement of surface treat-
ments which give repeatable and reproducible results indicates
that benefits in NMR cell performance may be obtained through

extention of the investigation to other methods of surface treat-

ment. The treatments under consideration include (1) bonding of
surfactants to the cell surface and (2) chemical cleaning

treatments known to reduce effective surface area. In conjunction
with the surface treatments, plans are underway to investigate the
effects of other buffer gas mixes (e.qg., N2/He/Ne) on both the gas

phase and wall relaxation characteristics. The latter becomes

important as increased buffering affects both the surface sticking

time and the rubidium polarization gradient near the surface.

Experiments will lead to a better characterization of the details
of gas phase and surface noble gas nuclear relaxation in very low

magnetic fields.
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: SECTION V

XENON NUCLEAR POLARIZATION AND RELAXATION IN DUAL ALKALI CELLS

. - 5.1 INTRODUCTION o,

An important question in NMR gyro operation is that of turn-on

time. Directly related to this is the fundamental physics

— dictating the time needed to create detectable noble gas nuclear —
. . . C o . : L

polarization in the sample cell. Characteristic polarization pump

: times in alkali metal-noble gas systems are known to depend on the

alkali metal vapor density. A series of experiments involving

; Ve dual alkali cells containing rubidium and cesium were undertaken
to evaluate noble gas pumping rates as a function of alkali metal

vapor densities.

For the case of a cell with the single alkali, rubidium, the

u spinning-up, or pump time, of Xe is given by o

1 1 =
F=F *N v (5.1)

! ' ! ;
- NN

L where T; is the relaxation time due to magnetic field inhom-
ogeneity and wall effects, Npp is the Rb density, ¥V the average

collision velocity between Rb and Xe, and o is the effective spin-

exchange cross-section. From equation, (5.1), it is seen that the
pump time Tp is shortened by increasing the Rb density, Ngy. [

However, the bias drift of an NMR gyro varies as

where T, is the transverse relaxation time (and generally T, <
Tp), a short Tp would degrade gyro performance. A large Ngp would
also make the Rb vapor too optically thick for the Rb pump light
. to penetrate and for the detection light to be monitored. The L
operating temperature of the Rb-Xe Demonstration Model Gyro (DMG)

5-1
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optimized for S/N and bias drift is between 70°-80°C, with a pump
time of 100-200 s. A simple solution to fast spin-up of the Xe is
to create an unusually large alkali metal vapor density during the
initial turn-on period of the gyro when detection light does not
have to be monitored and the bias drift is of no concern. The

purpose of this investigation is to study such an approach. More
-1

p

with Npy according to equation (5.1) in the optically dense regime

specifically, the question of whether the pump rate T scales up

is asked.
5.2 EXPERIMENT

A study of the spin-exchange process between an alkali vapor and a
noble gas in the optically thick regime would appear to exclude
the use of the optical means of monitoring. This difficulty is
circumvented by using a cell containing both Rb and Cs. Since the
vapor presence of Cs is roughly six times that of Rb, the Cs vapor
can be optically thick without the Rb vapor being so. An Rb lamp
is used to pump the Rb atoms, which polarize the Cs atoms by spin-
exchange in a few milliseconds due to the large spin-exchange
cross section between Rb and Cs (~ 2 x 10714 cm?). The Xe nuclei
are then polarized at a slower rate (in ~ 10-100 s) by both the Rb

and Cs atoms.

Several DMG size cells were prepared with gas fills of 80 torr He,
40 torr N2, l torr 129Xe, d 87Rb and
133cg in the ratio of 1:1 (cells No. 376 and No. 377) and 1:2

and a mixture of distille

(cell No. 375 and No. 378,) respectively. The partial vapor
pressures of Rb and Cs in a molar ratio of x:y are assumed to be
given by Raoult's Law. The densitites of the rubidium and cesium
will then be

Z
|

= Np x/(x+y) (5.2)
and

Z
|

cs = Ngs y/ (x+y) (5.3)
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Where NORb and NOCS are the densities of pure Rb and Cs
separately. Since Raoult's Law is not precise for high mixing
ratios and the actual mixing ratio of alkalis distilled into a
cell is only a rough estimate, the number densities of the mixed
alkalis at a particular temperature is approximate as determined
from equations (5.2) and (5.3).

The experimental apparatus and the general experimental procedure
as well as the use of the rubidium magnetometer for detecting the
precessing noble gas nuclear moments have been described previ-

ously (ref 5-1).
5.3 RESULTS AND DISCUSSION

5.3.1 Spin Exchange Between Rb, Cs and Xe. A series of experi-

ments established that spin exchange takes place between the Rb-Cs
and between the alkali-xenon systems. In the first experiment, a
87Rb lamp was used to pump cell No. 375. In such experiments the
pump light is along the x-direction as defined in Ref. (5-1) and
passed through a D; filter and a circular polarizer. After pass-
ing through the cell, the transmitted light is monitored by a
detector. An 8 kHz RF magnetic field is applied in the z-
direction. Figure 5-1(a) shows the transmitted light intensity as
the x magnetic field is swept across the Rb magnetic resonance at
11.4 mG. Figure 5-1(b) shows Cs resonance at 22.8 mG. This
establishes that cesium is polarized through spin exchange with
the optically pumped rubidium present in the system. The magnetic
field is then changed to a non-resonant value and the cell is
allowed to be pumped for a few minutes. The x-field is suddenly
removed and a y-field of ~ 150 uG is applied. The transmitted
light, after demodulation at 8 kHz, is shown in figure 5-1(c).

The oscillation represents precession of the Xe nuclear moment
about the y-field and the exponential envelope represents the
transverse relaxation time T,. The data in figure 5-1 are taken
at 73.8°C. NMR signals can be observed with Rb pump light with

L

a4 4 .
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(a) TRANSMITTED Rb PUMP LIGHT VS H
Rb RESONANCE AT 11.4 mG AND
8 kHz

x.
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(b) Cs RESONANCE AT 22.8 mG AND 8 kHz

105 —e-|
I R O |

(c) DEDMODULATED 8 kHz SIGNAL.
Xe NUCLEAR PRECESSION

Figure 5-1. Spin-Exchange Between Rb, Cs and Xe
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cell temperature of 65°C-110°C. Below 65°C, the partial pressure
of Rb is too low to produce a good NMR signal. Above 110°C, the
vapor becomes too optically thick for Rb as well as Cs light. The
results above show that Xe can be polarized by a mixture of Rb and
Cs at high densities.

5.3.2 Traverse Versus Longitudinal Relaxation of 129%e. At high

alkali densities, most of the relaxation of Xe polarization is due

to spin-exchange with the alkalis and it is expected that T2 =

Tp. T, and Tp were measured at different temperatures to verify
this relationship. T, was measured from an exponential envelope
such as that shown in figure 5-1(c). Tp was measured from the

initial amplitude of the 1294, precision curve as a function of
pump time. The data for cell #375 at the temperature of 73.8°C
are fitted in figure 5-2 with T, = 16.0 s and in figure 5-3 with
Tp = 16.2 s. These results are completely consistent with results

for 129

Xe in rubidium single alkali systems (ref 5-2). As T, is
more easily determined than Tp, T, is used as an indicator of the

pump time.

5.3.3 Comparison of Cells with Different Rb:Cs Ratios. The

optical pumping results for cells with different mixing ratios of
Rb:Cs pumped by the same Rb lamp in the same apparatus at ~ 70°C
are tabulated in table 5-I. Cell No. 266 is a Rb cell without any
Cs and was selected from a large set of cells for long relaxation
time. That accounts for the difference in T, between No. 266 and
the other two cells, although increased Cs density also contri-
butes to shortening the T,. A more detailed modeling is required
to interpret quantitatively the results in table 5-1. However,
the effect of the higher vapor pressure of Cs is seen from the
trend of change of the different parameters in table 5-I. The Rb
relaxation as measured by 1/1, the Rb linewidth, increases with Cs
admixture due to Rb-Cs spin-~exchange, which also accounts for a
decrease in Rb polarization. The decrease in T, and Hy,, the

magnetic field due to Xe magnetization, is mainly due to the

5-5
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intrinsic higher wall relaxation of the dual alkali cells which
have not been specially selected or coated for low wall

relaxation.

TABLE 5-I. COMPARISON OF CELLS WITH DIFFERENT Rb:Cs RATIOS

Cell Rb:Cs Temp Rb.POL. Hyeo Ty T TE
266 1:0 70.0°C 8.3% 22 .G 132 s 1.8 ms| 3.3 ms
377 1:1 73.8°C 5.1% 5.7uG 19.5 s | 1.2 ms | 4.5 ms
365 1:2 73.2°C 5.1% 3.3uG 16 s 1.1 ms | 3.6 ms

5.3.4 Relaxation Rate Versus Alkali Density. To measure the wall

relaxation of Xe, as has been explained in detail in Section III,
T, must be extrapolated to the zero alkali density limit. As the
NMR signal in the Rb-Cs cells is too weak with Rb light pumping at
temperatures below ~ 65°C, the low temperature T, measurements
were made with a Cs lamp directly pumping the major alkali con-
stituent, Cs. A plot of Tz-1 vs the alkali density for cells No.
266 (Rb:Cs = 1:0) and No. 376 (Rb:Cs = 1:1) is shown in figure
5-4. For cell No. 376, the total alkali density is estimated from
Raoult's Law, equations (5.2) and (5.3). The wall relaxation
time, as given by the y-intercept, is ~200 s for No. 266 and ~57 s
for No. 376. For cell No. 266, the NMR signal becomes too weak to
measure for Np, < 3 x 10 12 o3 (100°C). The combined Cs and Rb
density for No. 376 at the same temperature is ~ 9 x 1012 cm3.
Figure 5-4 shows that the dual alkalis have approximately the same
average relaxation cross section as rubidium (~2 x 15719 cm2) and

the relaxation rate scales linearly up to a density of almost 1013

cm'3. Note that the data for cell No. 376 in figure 5-4 are

013 cm'3 above which

limited to an alkali density of less than 1
even the minor constituent, Rb, becomes optically thick. Higher
alkali densities could be explored using a Cs-K mixture with a
larger vapor density difference. The dual alkali cell serves well
as a research probe into the higher alkali density regime. The

results of this study have lead to new concepts for fast gyro

turn-on.
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SECTION VI

OPTICAL PUMPING OF Rb WITH A TURNABLE LASER DIODE

6.1 INTRODUCTION

Optical pumping of Rb with a CW, single-moded laser diode differs
from pumping with a Rb resonance lamp. The difference is due to
the mismatch of emission and absorption spectral profiles. In
the limit of low Rb vapor density and high pump light intensity,
the pumping rate dominates the spin-exchange rate. The mono-
chromatic pump light interacts only with Rb atoms in one depleted
hyperfine level. The pump light can be more efficiently utilized
by increasing the Rb vapor density and hence the spin-exchange
rate. However, in a Rb-Xe gyroscope, increased Rb density would
shorten the transverse relaxation time of the Xe nuclei. We
examine here the electronic spin polarizatibn <5z> produced in an
alkali vapor, in the absence of spin-exchange, when only one of

its hyperfine level in the ground state is optically pumped.
6.2 RATE EQUATION MODEL

In a rate equation model of optical pumping figure 6-1, we
consider the ith sublevel (i = 1 to N) in the ground state with

pumping rate P; , relaxing rate Ry; from |i> to |j> and a

3
quenching rate Q; from excited state |e> to |i>. Because of the
rapid depolarization and mixing in the excited 2p state, the

sublevel structure of the excited state does not have to be con-

sidered. The rate equations are, for i = 1 to N,
dni
and dne
5 = - Xioine + IyPiny (6.2)
6-1

NPT A Y

e

o

9
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Figure 6-1. Optical Pumping Rate Equation Model

aX i

o
. Conservation of atoms yields 3
- ) ny = n, = Ng = ng (6.3) 1
A since n_ << n_ when the pump rates P; are much smaller than the :
F! gquenching rates Qj. Y
» I At steady state, j
. dn.1 dne ]
&! dac ~ G o for 1 = 1 to N, )
- so that we have ]
1
ne = I;jPyny/ 1;9;- :
Substituting into (6.1) gives
3 '4
. Qipi OiP. |
-P. - Y.R.. + n. + Y.(R.. + ) n. = 0. (6.4)
(-P; zJRJl Ejoj ) i XJ( 1) K9k J
b - 6-2
.4 N
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Equations (6.3) and (6.4) can be readily solved for the population
in the different sublevels n; when the pumping, relaxation and

quenching rates are known,

In the alkali ground state, all the ground state sublevels are
nearly degenerate compared to the thermal Boltzmann factor so that

Rijj =R for all i#j

In the presence of nitrogen in the buffer gas, excited state

quenching is mostly non-radiative and random, so that
Q; = 0 for all i
Equation (6.4) then simplifies to

&L+ r) n =0 (6.5)

A . Ei 2
: B -(N-1) (N + R) ni + j=. j

1

u However, depending on the amount of N, and the excited state
lifetime, there may not be enough coupling of the nuclear and
o electronic spin in the excited state and only the electronic spin
ﬁf - is randomized by the N, gas (ref. 6-1). This means that the 0;'s

can be different and have to be obtained by properly projecting

| o
- 3 the nuclear spherical tensor moments Tim (I I) onto tensor basis
s operators in terms of the total spin F, Ty y (FF).
When the population in the different hyperfine sublevels,
n(F, mg), is calculated, the electron spin polarization <s,>
- can be obtained as
. <s,> = mz mms <Im Sms|p|1mI Sm_>
[ ] s''1
o [ |
=) v omg <Img SmlemF ><Fm|p|Fm 1 m 1 ><F m | IM Sm_>
m_m.Fm_.F mF
s'I"F
2
- =mXF m <Iymp=m, S, m_|Fym>|" n (F,mp)
® s mf
= y m_C” (ISF; m_-m_, m_, m_.) n (F,m.), (6.6)
Fm m S F s s F F

s F
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where C is the Clebsch - Gordon coefficient.

Application of the model to the Fg = 2 to Fg = 1 and Fg 2
hyperfine pumping of the D1 line on 87rp (1 = 3/2), as illustrated

in figure 6~2, requires knowledge of the coefficient P;, R; and Qi

i
in equation (6.4). The solution is straightforward but tedious

and can be shown to have the following functional form

P P (P,R)

n-1
<8 > _ = a (6.7)
z Fg = 2 Pn (P,R)

where P and R are some averaged pump and relaxation rates that are
respectively proportional to the pump light intensity and buffer
gas densities. P, (P,R) is an nth order polynomial in P and R of

the form,
n n-1 n-2_2 n
Similarly, the solution for the pumping of the F, = 1 to the

g
combhined Fo, =1 and F, = 2 states can be expressed as

]
. PP __, (P,R)
<s,> = a —(0z2 (6.9)

Fg =1 P n (P,R)

Equations (6.8) and (6.9) can be compared with the solution for
the case when both hyperfine levels are pumped by a broadband
light source so that the nuclear spin can be neglected,

1 P
<Sz> 1 =3 PR (6.10)
Jg = 2

g

The limiting cases of very strong or very weah pump intensity can

be easily calculated for equations (6.7) and (6.8). When P >> R,

<Sz>F = 2 approaches 1/8 which implies a = 1/8 in equation (6.7).
g

PP P WO S UL S PR S T T P T
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F=2 - += = - O
52s,,

et = o o

Figure 6-2. Hyperfine Pumping Levels

The difference of a factor of 4 between equations (6.7) to (6.10)
can be understood with reference to figure 6-2. When both
hyperfine lines are strongly pumped by o+ light, only the F = 2,
Mg = +2 state remains populated, with a spin polarization of <S8,>
= 1/2. When only the upper hyperfine component is pumped, all
three sublevels of the F = 1 line remain undepleted and relaxation
and quenching tend to equalize their population. Since the
unpolarized F = 1 state has <5,> = 0, the net <S> for the ground
state is 1/8. Similar arguments yield a spin polarization of <S,>
~ 0 for P>>R when only the Fg = 1 component is pumped, as shown by
equation (9).

In the case of weak pumping, i.e., P << R, the electronic spin
polarization can be expressed as

<§,> = Tr (PSZ) = ~-Tr (&7 SZ)/ (2Fg+l)R (6.11)

-‘ a . ALAMA;;._'_-'_.! ;..“._.J
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where repopulation pumping is neglected and

8T = 3R (Fg,Fe)(2Fg+1)w(1,1,Fe,Fg; ng)EloTlo(FgFg)

and

-1 21 1 3
R(Fg/Fg) = 2hrocfou(2h) W(3, Foy 30 Fyi 50 1)(2F +1)

Notations used are the same as those in Section III A of ref

6-2, Retaining only terms containing F, and Fg,

A

-4

2

3

1 2,1 1L, .3 .

83> @ FzF +I(F_+1) L W (3r For 30 Fgi 50 DIW(L, 1, Fg Foi 1, F) '1
g g g

E

}

e, g
P
X Tr(FzSZ) R

-3
. -1.89 x 10 P/R for Fg =1

(6.12) ‘
1.033 x 10”2 p/R for Fy = 2 "

In our experiment, we used a cw GaAlAs laser diode of Mitsubishi
model ML-5340 with an output of ~ 2 mW. The spectral profile was of
checked with a Fabry-Perot interferometer to be single-moded and _
of a width ~.700 MHz. The laser was temperature tuned to the Dl ;

PPN

line wavelength of Rb at 795 nm and then current tuned by ramping

-

the injection current with the temperature held constant. The q
output beam was directed into the pumping channel of a NMR ygyro
module (the developmental module gyro, DMG) while the Rb polari-

zation was monitored with a cross-beam from a resonance Rb lamp.

The Rb cell, heated to 75°C, contained 100 torr of He, 10 torr of &
£ 129Xe. A test AC field of 25 Hz was fed to the
sensitive axis of the DMG as a magnetometer. Preliminary data of

N2 and 1 torr o

the magnetometer sensitivity is plotted in figure 6.3, The magne-

#. tometer sensitivity is proportional to the Rb spin polarization q

<Sz>, since the probinyg crossbeam is broadbanded. The laser

!4
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frequency was scanned over the hyperfine lines c (Fg=1 to Fg=2),
d(Fg=1 to Fg = 1), e (Fg=2 to Fe=2) and f (Fg=2 to Fe=1). Lines c¢
and d (or e and f£) are not well resolved because their separation,
816 MHz, is comparable to the laser line width ~700 MHz and
smaller than the pressure-broadened absorption width of the Rb
cell ~2.4 GHz.

Wwith a 2 mw/cm? pump intensity, the pump rate is ~ 1.6 X 104 §71

which is much greater than the Rb spin-exchange rate at 75°C of

~ 4 x 102 s—l. A quantitative comparison of magnetometer sensi-
tivity to equations (6.7) and (6.12) has not been made, but the
signal for the Fg = 2 line is shown to be larger than that for the
Fg = 1 line. The difference is expected to be more pronounced
when the magnetomet~c¢ is used to detect the field of noble gas
nuclear moments produced by spin-exchange with Rb. Further work

is planned in this direction.
6.3 CONSIDERATIONS FOR FURTHER WORK

A more quantitative comparison of theory and experiment is called
for. More importantly, the effect of hyperfine pumping on the Xe
nuclear polarization produced by Rb-Xe spin exchange is very

interesting and has yet to be investigated.
6.4 REFERENCES
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APPENDIX A
DERIVATIONS OF BASIC EQUATIONS
Refering again to figure 2-3 the equations at each surface are

written in terms of the flux f, crossing that surface and the

gradient of polarization S, as

b (3201 T - Ax Ay Df,
38 - _ 1
Neb (@z)2 = AxAy Df,
3s, _ _ _1
Nrb (3x)3 = Ay Az Dty
0S8 1
Nop (22), = - —+ bf
Rb ‘dy’5 ~ AxAz 5
No, (28 = - L pf
Rb ay 6 AxAz 6

where D is the diffusion coefficient. Besides the flux across the
boundaries there are also sources and sinks of flux which are

caused by the buffer gases fz, spin exchange f diffusion flux

ex’
fq, and the light source fr. By conservation principles the sum

of all flux must equal zero, which gives

£l - £2 + £3 - f4 + £5 - f6 = (A.2)
- £+ fox + fp + f4

e a e e e e .__,A_.__L_A‘L__:_._‘.;A__i
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Each of the relaxation terms is due to the gas density at the cell
temperature, the cross section of collision, the velocity of the
particles and the concentration of polarization. The light term,
£., is proportional to the number of unpolarized atoms of rubidium
and the probability of absorption. This provides relations for

the sources and sinks of flux as

N P
= _9O o - . (A.3)
fB P_ o V Npp VS = k1 Npp VS
N_P _
fex = P_ o v Np, VS = k, Np, VS
and
] 2s
£q = Npp V 3¢

Substituting these results and equation A.l1 into equation A.2

gives
8s, _ 28 oS, _ 28 Y
1 (32)2 Q21 ‘Bx)a (3x’3 (ay 6 = (5y’'s
D Az Ax Ay
= k@ (1 - S) + kiS + ko5 + 2 (A.4)

3 1 2 2t

Letting Ax, Ay, and Az + 0 results in

N
o
n

(A.5)

|

V5 S = KS - k,® (1 - S )

o
-+

3

Ol

o b

LIPLE " ¢
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e
o
‘ . where
K = kl + k2
- The same thing is done for the light by writing the relationship Y
of light flux A, in terms of the light intensity &, as .
B
o M=% A J}
)
! (A.6)
- b
where A is the area, AxAy. Some light flux is lost as it travels
thorugh the volume and is equal to K3 fi:
fL = }\l - }\2 = (@l - @2) A (A.7)

o
Combining (A.7) with f; from (A.3) gives ,i

R

= »
Ny

-]

-

o

o

’:

-— = k, N (1 - 8) ¢ (A.8)
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APPENDIX B

METHOD FOR COMPUTER SIMULATION
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APPENDIX B

METHOD FOR COMPUTER SIMULATOR

B.1 COMPUTER APPROXIMATIONS

The complete system is now described by two simultaneous partial
differential equations which are coupled by the light intensity
and the polarization.

1 2 0s
- D V" 8 = - 2t + k3 ® (1 - 8) - KS (B.1)
and
0d
35 = k3 Np, (1 - 8) @ (B.2)
where

In the steady state, equation (B.1) becomes

Vi s = k 3 @ NRb

(1 - 8) - Ks (B.4)
These equations are candidates for solution using finite

difference approximations.

First the space inside the cell is divided into a finite
difference grid. The size of this grid is determined by the
output resolution required and the allowable truncation error.
For this problem an equal grid spacing is selected since more
resolution in any one particular region of the cell versus any
other region of the cell is not required. The steady state solu-
tion of this problem is most important since that is the normal
operating condition in the gyro. The transient case is of inter-

est to those preforming experiments on cells. For this study the

B-2

]
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solution of an elliptic partial differential equation, equation

- (B.4), is the main concern.

The finite difference approximation for equation (B-4) is written
- by referring to figure (B.l) and using the central difference of

the second derivative, as

3 S+ S, +S. +S, +S_+S,_-68 (B.5)
- A2 3 4 S5 6 0 =k, ® (1 -5y - K S,

D szAyzAz2 3

It is required to find the polarization at point §;. Solving for

i 59 gives

6
_ S} * S, +S3+ 8, + 83+ S+ Dhkyd
3 S0 = 3 3 (B.6)
3 6 + @ k3 Dh™~ + kDh
! where,
h = Ax = Ay = Az
» for a typical grid point. S through Sg are locations of the six

nearest neighbors to point Sp. This equation contains the inten-
sity of the light, &, so it is necessary to find an approximation
for the light intensity using equation (B.2). Using a forward

difference approximation for the first derivative gives

¢8 - Qo

—3— = k3 Nj,, (1 = 55) g (B.7)
Az
and solving for ¢ yields
o
) 2, = 28 (B.8)
k3 Npp 42 (1 - bo)
B~-3
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The solution of equation (B.l), a parabolic equation, requires an

D

approximation for the first derivative of time. This adds a

i

fourth dimension to the problem which could result in computa- ]

L

tional instability. For this reason the approximation for the

time derivative should be chosen with great care. In addition to

_ solving equation (B.l) it is necessary to use equation (B.8) to

‘ - obtain the light intensity at each grid point. This leads to the )

: requirement for some sort of iterative approach in the solution. g
Therefore it is not wise to use an implicit formulation for the
time derivative at the same time. One problem with an explicit

. method is that stability concerns often dictates the size of the

». SV

time interval. It is preferable to choose the time interval
independently. For these reasons and the fact that the solution

of equation B.l1 is much less important for gyro applications the

- PUSTIRL

|I emphasis is placed on solution of the steady state problem.

The size of the grid spacing for this problem is determined by the

ad ol

resolution of the solution. To help in choosing the best selec-

tion for grid spacing it is necessary to consider our expected ]
= results. The purpose of optical pumping is to polarize all of the
| atoms inside the cell (or S = 1). The simulation of this case

would require very few points indeed. However, for lower input

e e

light intensities, it is expected that the polarization at the
front of the cell (towards the light source) would achieve a H
maximum and decrease in some fashion across the cell. In the :
worst case, areas of 100 percent polarization and other areas of 0

percent polarization are expected. If only ten points inside the

lam
A \d

cell along each axis were used, this would equate to a 10 percent
resolution of the polarization. Ore hundred points would give 1
percent resolution. A 1 percent valve probably provides greater
resolution than the accuracy of the model. Therefore a selection
of 50 points becomes a good compromise based on these concerns and

o

the run time for the selected algorithm. 3
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Truncation errors are related to grid size and the shape of the
solution., Using a central difference appro;imation the largest
error term is related to the fourth derivative of the solution.
If the solution does not contain a fourth or higher derivative

then the truncation error is zero. Varying the intensity of the

light source will lead to different distributions of the polariza-

tions. This will cause variations in the truncation error. The
truncation error is reduced by using more grid points to solve the
problem, By using 50 grid points as explained above and if the
solution does not include any irregularities this finite differ-
ence approximation is adequate. If this is not true it will
hecome necessary to use more distant neighboring points in the
grid to calculate the polarization at point S5 in figure B-1.

This approach results in truncation errors which are proportional

to the sixth or eighth derivative.

For this problem the two coupled simultaneous equations (B.5) and
(B.6) were solved. The difficulty is that knowledge of the light
intensity is needed before calculation of the polarization (and
visa-versa). This implies that some sort of iterative technique
is required at each point in order to find the light intensity and
the polarization at the same time. An added complexity is the
three dimensional nature of the problem. To obtain a solution in
the shortest amount of time an iterative technique is used to
solve for the polarization. The light intensity is a one dimen-
sional problem in the z direction. At the front of the cell the
light intensity and the polarization are known. Moving through
the cell in the z direction the light intensity at each point in
the x-y plane is calculated, Values at the boundary are used to
find the polarization of the interior points. This is equivalent
to starting at a single point in the x-y plane and then consid-

ering circles of increasing radius in the x-y plane progressing

along the z axis as shown in figure B-2, It is possible to use an

explicit algorithm to solve for the light intensity at each point

along the z axis,
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x z=1
z2=2
x z=3

Figure B-2. Cross Sections of the Cell Along the Z Axis Shows

Symmetry in the X - Y Plane
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The first three cross sections, along the z axis of the cell, are
shown in figure B-2 and are arbitrarily numbered for convenience.
At z = 1 it is necessary to find the polarization, S, at point 0
based on the values of polarization at points 1, 3, 5, and 7,
knowing the boundary condition for S. & at point 0 is evaluated
first. The intensity at all other points is at its initial
value. It is then possible to find the value of S at point 0

directly knowing the values at point 0 with z = 0,

Moving down the z axis, for example at z = 2, ® is known at points
9, 13, 17, 21 and its value at points 1, 2, 3, 4, 5, 6, 7, and 8
is needed. The polarization, S, is known only at points 9, 13,
17, and 21. Using a guess of both the intensity and polarization
at the interior nine points it is possible to iterate to the final
values by knowing the values of ® and $ at the z = 1 level.
Because of the circular geometry, calculation of the values only
in the first quadrant is required. The problen is reduced to
finding the values of ® and S at points 0, 1, 2, and 3, Any point
on the x or y axis has 2 neighbors which are the same value and
this also simplifies the calculations. Further, bhecause of sym-
metry each point in the grid has neighbors which have the same
value because of their location with respect to the bhoundary. The
values of ® and S in only 1/2 a quadrant are actually needed. The
complexity of this problem is significantly reduced using

symmetry.

Tal:ting a central difference at each point means that the values of
® and S on the z = 2 level are determined by the values on the z =
1l level. Many of the points of the grid fall outside the sphere

thus further reducing the number of calculations.

The best iterative algorithm for solving for the polarization is
the successive overrelaxation method. The problem with this
method, however, is the determination of the relaxation factor w,

which lies between 1 and 2, With w equal to 1 or 2 this method
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reduces to the Gauss - Seidel method. The value of this factor is
not known beforehand; it is only found experimentally. This prob-
lem could run with a few points at first and with different values
for w in order to monitor how many cycles of iteration are
required for a solution. A solution exists when the difference
between the current value at a point and the value at that point
during the previous iterative cycle is less than the required

tolerance.

To solve this problem for the transient case it is necessary to
repeat this whole process at each time level using the previous
time level or backward difference to approximate the time

derivative.

Because of symmetry this problem is reduced to fewer calculations
than first anticipated and the selection of other algorithms is
possible. Using the successive overrelaxation method, however, is
the best choice because of speed of operation. The solution of
this entire problem is actually a Crank - Nicolson technigue when
dealing with the two coupled equations in order to find a
solution,

It is possible to make some interesting predictions about computer
run time and storage. For a 50 point problem to store the entire
array would require 125 K words of memory. This is not a large
amount for a modern computer. But with symmetry and spherical
boundary conditions this requirement is reduced to about 24 K. At
each point there are eight arithmetic operations and using 6
microseconds per operation (for a VAX 780) it will take approxi-
mately 4 seconds per iteration. The number of iterations depends
on many factors. Setting w equal to 1, or in other words using
the Gauss - Seidel method, a certain number of iterative cycles is

expected. However, for an optimum choice of w one tenth that

number of cycles is needed.
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Writing the actual computer program is straightforward and a flow
chart is shown in figure B-3. The process is started by reading
in the values of a tolerance on the iterative cycle, TOL, along
with the number of points in the grid, M, and the parameters for
the problem. For the first cycle the intensity ® is set equal

to &, and S at the boundary equal to the polarization at the

wall. Proceeding along the z axis the intensity, ®, and polari-
zation, S, in each of the x-y planes is found. These calculations
are repeated for each value of z until the end of the cell is
reached. Checking the error term reveals whether the iteration is
complete, and these iterative cycles are repeated until the error
is acceptable. The detailed calculation of ® or S are not shown
in the flow chart because of the availahility of standard software

packages for these specific algorithms,
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Figure B-3. Computer Solution Uses Implicit Methods







